Adult stem cells exhibit a lineage-specific asymmetric division pattern. When each stem cell divides, it generates a new stem cell and a progenitor cell, the latter ultimately giving rise to new cells in the tissue. This standard model of adult stem cell division does not preclude symmetric division, for example, to expand a stem cell pool. However, the asymmetric division provides a means for a stable population of stem cells to be maintained while enabling the creation of progenitor cells to replace damaged or aging cells within a tissue. One interesting consequence of this model, illustrated in Figure 1 (top), is that the stem cell lineage, represented by shaded cells, is a unique single lineage within a dividing population.
A NEW METHOD TO TRACK NONENCODED PROTEIN
Because it is an excellent model for many aspects of basic cellular functions, we set out to discover a lineagespecific asymmetric program in yeast. We reasoned that such a program may be established when a new yeast strain is generated. This happens only twice in the normal yeast life cycle: when two haploid cells fuse to form a diploid cell and when a diploid cell undergoes meiosis to generate four new haploid spores. We examined meiosis because the transition from a diploid to haploid cell allowed us to use a straightforward strategy to follow protein segregation. We created haploid strains that have a given gene fused to a sequence encoding either yellow fluorescent protein (YFP) or cyan fluorescent protein (CFP). Two haploids were mated to form a diploid strain that was "heteroallelically" tagged for individual genes (YFP/CFP). This diploid strain was induced to undergo meiosis, generating haploid spores that inherited either the YFP-or CFP-tagged allele. Importantly, however, these spores also inherited both of the tagged proteins from the diploid parent, one of which is no longer genetically encoded (the method is illustrated in Fig. 2 ). Using time-lapse fluorescence microscopy, we specifically assayed the fluorescent protein that was no longer genetically encoded. By assaying the levels of nonencoded fluorescent protein, we avoid the confounding effects of transcription in these studies.
SEGREGATION OF THE HISTONE HTA1
We first examined histone H2A, encoded by HTA1. For this analysis, we created a diploid strain that is heteroallelically tagged, HTA1-YFP/HTA1-CFP, and induced this strain to undergo meiosis. Figure 3 shows an example of the resulting time-lapse sequences; levels of fluorescence within the nucleus at each division were assessed for each cell and the dilution of the nonencoded (YFP-tagged) protein is evident. We found that the amount of nonencoded (or indeed total) fluorescence in the nucleus of the cells was equivalent for the mother and bud at each cell division. For nonencoded protein, we calculated the ratio of the fluorescence in the mother versus the bud-the mother-to-bud ratio (m/b)-to indicate if there was any deviation from parity. An m/b ratio of 1 indicates equal fluorescence in the mother and bud after cell division. We found that the m/b ratio of nonencoded Hta1 is 0.9 (standard error of the mean [S.E.M.] = 0.05, standard deviation [S.D.] = 0.27), indicating that approximately equal amounts of protein segregate to the mother and bud during cell division. Using the timelapse sequences, we monitored all of the divisions from a single spore, allowing us to create a pedigree and examine each separate cell division in the lineage. Figure 4 shows the first three divisions of spores and includes, with each, the mean m/b ratio for Hta1. It is clear that the m/b ratio for Hta1 is the same in each of the cell divisions examined.
We found that other proteins also show the same pattern of segregation in the spore and its progeny. These include Rad52, a DNA-repair and recombination protein, and an artificially engineered construct that consists of the tetracycline repressor fused to red fluorescent protein (TetR-RFP), which binds to an array of Tet operator sequences located on yeast chromosome III (data not shown). The TetR-RFP fusion protein forms a focus specifically at a tandem array of operator sequences, and in this case, we specifically measured the fluorescence of each focus, rather than that of the whole nucleus.
ASYMMETRIC SEGREGATION OF KINETOCHORE PROTEINS
Interestingly, we found a different pattern of protein segregation when we examined four different kinetochore proteins. Ask1, Ctf19, Ndc10, and Mtw1 are each members of separate kinetochore subcomplexes (Cheeseman et al. 82 THORPE, BRUNO, AND ROTHSTEIN Figure 2 . A labeling strategy for assaying nonencoded protein segregation. Two haploid strains containing the same gene tagged with different fluorescent proteins (YFP and CFP) are mated together to create a heteroallelically tagged strain. Because this diploid expresses both yellow-and blue-tagged protein, the cell is illustrated as green. This diploid is induced to undergo meiosis, producing four haploid spores that contain only one of the tagged alleles, but both proteins. An example of a spore inheriting the CFP-tagged allele is shown. As this cell undergoes successive divisions, the nonencoded yellow-tagged protein is diluted away and replaced with exclusively blue-tagged protein, illustrated as a transition from green to blue. Nekrasov et al. 2003; Pinsky et al. 2003; Bouck and Bloom 2005) and their concentrations can be quantified using fluorescent imaging (Joglekar et al. 2006) . These proteins all localize to a single kinetochore focus in yeast, and it is the fluorescence of these foci that we used to calculate m/b ratios (as for the TetR-RFP analysis described above). All four of these proteins show an asymmetric pattern of segregation that is confined to the spore and the mother lineage derived from it ( . To assess whether this phenotype was specific to postmeiotic cells, we used time-lapse fluo-rescence microscopy to monitor protein segregation in vegetatively growing haploid and diploid cells and did not see any asymmetry within the population. Consequently, this kinetochore asymmetry defines a single postmeiotic lineage originating at the spore and maintained within the mother lineage (Fig. 4) . This phenomenon bears a striking resemblance to the asymmetric division pattern of adult stem cells (see Fig. 1 , top).
ASYMMETRY OF SPINDLE POLE BODY SEGREGATION
Kinetochores are attached via microtubules to the spindle pole body (SPB), the yeast microtubule-organizing center, which is a structure equivalent to that of the metazoan centrosome. Interestingly, in Drosophila, centrosome asymmetry has been characterized in specific stem cell lineages (Rebollo et al. 2007; Rusan and Peifer 2007; Yamashita et al. 2007 ). In the latter study, Fuller and colleagues found that by labeling old pericentrin-AKAP450 centrosomal targeting (PACT) domain protein, mother centriole pairs tend to remain in male Drosophila germ cells during cell division. Therefore, we asked whether Spc110, a PACT domain SPB protein, segregates asymmetrically in the postmeiotic lineage in a manner similar to that seen in kinetochore proteins. In yeast, components of the SPB normally segregate asymmetrically in vegetatively growing haploid cells via a Cdc28-dependent mechanism (Pereira et al. 2001; Liakopoulos et al. 2003) . SPBs replicate conservatively before mitosis, with the old SPB usually segregating to the bud during cell division. However, instead of the asymmetric pattern of segregation normally found in vegetatively growing cells, we see a pattern of segregation in spores that mirrors that of the kinetochore proteins (Fig. 4) . So far, we have only examined the first two postmeiotic divisions for this protein and thus we do not yet know when the standard asymmetric pattern becomes established. However, it is interesting to note that the only time in the yeast life cycle when the SPB divides without an accompanying cycle of DNA replication is during meiosis II. The SPB asymmetry seen in haploid vegetatively growing cells is associated with Cdc28-dependent cell cycle progression (Liakopoulos et al. 2003) . Thus, the atypical cell cycle during meiosis II may account for a disruption in the normal pattern of SPB asymmetry. It should also be noted that the W303 yeast strain used for these studies carries a mutation in BUD4, a gene involved in bud site selection (Voth et al. 2005 ) that may also disrupt the normal SPB segregation phenotype.
A MECHANISM TO SEGREGATE IMMORTAL DNA STRANDS
From our studies, we have uncovered a lineage-specific pattern of asymmetry in yeast. This phenotype mimics the divisions seen in adult stem cells and thus provides a new model with which to study asymmetric stem cell divisions. Perhaps more importantly, the asymmetric segregation of kinetochore proteins offers a possible mechanism to direct the nonrandom segregation of sister centromeres (and perhaps chromatids) to a single lineage.
It is clear that the two complementary strands of a DNA molecule are not equivalent. For example, only one strand of the DNA serves as a template for transcription of a given gene. We arbitrarily refer to the two strands of the DNA molecule as Watson and Crick. After DNA replication, the old (parental) Watson and Crick strands segregate into different daughter cells (Taylor et al. 1957; Meselson and Stahl 1958) . The two newly synthesized DNA strands are complementary to the old strands; hence, the two sister chromatids have largely identical sequences. The segregation of the resulting sister chromatids is therefore unimportant because no genetic differences exist between the two chromatids; i.e., unless the old strands of DNA are different from the new, or to put it another way, the old Watson is different from the new Watson.
The distinction between old and new DNA strands, based on epigenetic marks, is well established. The dramatic importance of DNA methylation first became apparent through studies done with bacteriophage. Bacterial DNA methylation protects the "old" bacterial genome from restriction endonucleases that recognize and cleave, infecting "new" unmethylated phage DNA. Phage become resistant to restriction if their DNA is methylated at the appropriate sequences. Both restricted and resistant phage share the same DNA sequence, but epigenetic methylation determines their ability to infect their host (Arber and Dussoix 1962; Arber 1965; Murray 2000) .
Methylation provides a mechanism by which the cell can distinguish between old and new DNA strands after DNA replication. The newly synthesized strands are unmethylated until a methylase acts upon them. This difference in the DNA strands is exploited in bacteria to correct errors that are introduced by polymerases into the newly synthesized strands during replication. After replication, the cells are able to differentiate between the new and old strands, allowing them to correct errors using only the old strand as a template. In bacteria, the temporary hemimethylated pattern of newly synthesized DNA signals that the methylated strand is the appropriate template for mismatch repair (Glickman and Radman 1980; Modrich and Lahue 1996) . In eukaryotes, the nicks created by discontinuous DNA synthesis, particularly on the lagging strand, likely serve as a guide for the mismatch repair machinery (Kunkel and Erie 2005; Modrich 2006) .
Another instance of DNA strand distinction occurs in fission yeast, because the pattern of mating-type switching is determined by an epigenetic mark on one strand of the DNA (Arcangioli et al. 2007; Klar 2007) . This DNA strand difference is established by the direction of progression of the replication fork (which itself is asymmetric, i.e., leading-and lagging-strand synthesis), resulting in only one of the daughter cells containing the strand imprint. Only at the next division does one of the granddaughter cells switch mating type via a recombinationdependent mechanism.
Despite mismatch repair activity, it is possible for replication errors to persist and give rise to mutations within the genome. To counter such an accumulation of mutations in a defined lineage of stem cells, John Cairns (1975) hypothesized that stem cells could retain the old Watson strand of DNA from each chromosome at each cell division (illustrated in Fig. 5, top) . In this way, an ancestral strand of DNA from each chromosome would be retained in a single cell from one generation to the next; hence, the term for this model: the "immortal strand hypothesis." On the basis of this mechanism, replication errors would be passed on to progenitor cells, but the stem cell would always retain the original, unaltered Watson strand of DNA.
For such a model to be correct, a number of cellular requirements would have to be met. First, the cell would need a way to mark and detect the old DNA strand. Second, the cells would have to undergo an asymmetric cell division in which each chromatid that contains an ancestral DNA strand is segregated to the stem cell lineage. Finally, genetic recombination, primarily sister-chromatid exchange (SCE), would have to be suppressed to prevent the old and new DNA strands from becoming mixed.
TESTING THE IMMORTAL STRAND HYPOTHESIS
An obvious approach to test this hypothesis is to label the DNA (akin to the 1958 Meselson and Stahl experiment) and assay for retention of label in a single lineage. At the time when the immortal strand hypothesis was initially proposed, however, there was no method available to isolate pure populations of adult stem cells. Nevertheless, there was some evidence to support selective strand segregation in a number of organisms (Lark et al. 1966; Rosenberger and Kessel 1968; Priest and Shikes 1970) . For example, using tritiated thymidine labeling in mouse epithelia of the tongue or intestine, it was possible to find retention of the labeled DNA in daughter cells in regions where stem cells resided (Potten et al. 1978) . Experiments in budding yeast also identified nonrandom retention of labeled DNA in daughter cells (Williamson and Fennell 1981) . However, a later experiment using the thymidine If the hypothesis is correct, the original (red) strands will be cosegregated to a single lineage of (stem) cells (lower left). If not, unbiased chromatid segregation and recombination will randomly dilute DNA strands into progeny cells (lower right). (Bottom) Kinetochore sequences have the potential to direct strand asymmetry, because yeast centromeres can be considered to be unidirectional (red arrows). If a unique kinetochore structure (large green circle) was laid down on centromeres in meiosis, all of the chromosomes containing this structure could segregate to a single lineage in subsequent postmeiotic divisions. New kinetochore structures are indicated as small green circles bound to newly synthesized centromeric DNA (blue arrows) and these segregate randomly. This model provides an explanation for the pattern of kinetochore asymmetry that we find in yeast spores. Furthermore, this model could provide a means to segregate original centromeric DNA (red) to a single lineage, whereas newly synthesized DNA (blue) segregates randomly. analog, bromodeoxyuridine as a DNA label, did not identify any asymmetry (Neff and Burke 1991) .
Along with the ability to identify and study individual stem cell lines have come new tests of the immortal strand hypothesis, although these are not without their own shortcomings. One of the problems with any labeling strategy is that if cells do not divide, they will retain the DNA label irrespective of the segregation pattern of their DNA strands. Some recent studies have used independent means to verify that label-retaining cells are undergoing division (Conboy et al. 2007; Kiel et al. 2007 ). To date, the results of these studies have been mixed, with some groups reporting asymmetry, whereas others have found evidence to support a symmetric pattern of segregation; these data are reviewed elsewhere (Lansdorp 2007; Rando 2007 ). Alternatively, it is possible that not all of the chromosomes show selective strand segregation, in which case, a DNAlabeling strategy would be inconclusive. Indeed, there is genetic evidence in mouse stem cells for a chromosome-7-specific segregation pattern (Armakolas and Klar 2006) .
Our observation of an asymmetrically dividing kinetochore in a single lineage of cells provides a means to test the selective segregation of sister chromatids. An underlying assumption is that centromere sequences direct strand asymmetry by binding to kinetochore proteins unidirectionally. We suspect that once the determinant of the asymmetry is established, it persists through subsequent cell divisions as illustrated in Figure 5 (bottom). The asymmetry may be determined by specific epigenetic marks on the centromeric DNA or it could be due to strand-specific binding of the kinetochore proteins themselves. It is possible that the direction of DNA replication through the centromere establishes a strand-specific imprint (Lew et al. 2008) . A precedent for this latter type of imprinting exists in fission yeast matingtype switching (Dalgaard and Klar 1999) . In any event, we predict that the cell "senses" orientation of the centromeres to facilitate asymmetric segregation. We are currently testing this model by engineering a dicentric chromosome. In yeast, dicentric chromosomes can be created and maintained by using a conditional centromere that can be reversibly activated (Hill and Bloom 1989) . In vegetatively growing haploid cells, the two centromeres act independently: They either cosegregate to one daughter, resulting in a normal mitosis, or, they segregate to separate daughter cells, resulting in anaphase bridges and chromosome breakage (Brock and Bloom 1994) . If the orientation of the centromere is the critical determinant of asymmetry, then in the postmeiotic mother lineage, cooriented centromeres on a dicentric chromosome will always cosegregate and not result in chromosome breakage (Fig. 6, left) . Whereas if the orientation of one centromere is reversed resulting in opposing orientations, then chromosome breakage should occur in each asymmetric division (Fig. 6, right) .
It is worth mentioning that the asymmetric segregation of kinetochore proteins in the postmeiotic mother lineage is not found in 100% of yeast spores. The frequency of kinetochore/spindle asymmetry is 45-69% in the mother lineage compared with 7-15% in the other lineages (Fig.  7) . This variation may indicate that not all yeast spores behave the same way in terms of postmeiotic asymmetry. Indeed, it is possible that only two yeast spores from each tetrad show the asymmetric phenotype. This could be related to an unusual pattern of SPB asymmetry that is found during meiosis and results in the four spores of each tetrad having nonequivalent SPBs (Taxis et al. 2005) .
IMMORTAL STRANDS ARE UNLIKELY TO BE FOUND IN YEAST
At this time, we have no evidence to suggest that the postmeiotic mother lineage selectively segregates DNA strands. Indeed, even if it did, the mother lineage in yeast is mortal; it ages and senesces after approximately 30-40 divisions (Mortimer and Johnston 1959) . Furthermore, SCE would need to be suppressed in the mother lineage because SCE would result in crossing-over of the two sis- Figure 6 . A dicentric chromosome test of nonrandom segregation. As in Figure 5 (bottom), a unique kinetochore complex is established on the centromeres unidirectionally in meiosis (large green circle). (Left) DNA replication of a direct dicentric chromosome (top) results in two chromatids, each of which containing both old (red) and new (blue) DNA strands (below). The meiotically induced kinetochore complexes are on the same sister chromatid after replication. Cosegregation of these complexes to a single postmeiotic mother lineage results in cosegregation of coaligned centromeres (indicated by the orientation of spindle microtubules; black lines). (Right) However, if the centromere sequences are in inverted orientations, the meiosis-induced kinetochore structure will be bound to separate sister chromatids after DNA replication. In this case, if these kinetochore complexes cosegregate, both of the dicentric chromatids will likely break. ter-chromatid arms, thereby scrambling the old and new DNA strands in each chromatid (Fig. 5, top) . Although SCE is difficult to measure, it is thought to occur frequently during G 2 and M phases in yeast (Kadyk and Hartwell 1992; Zou and Rothstein 1997; Gonzalez-Barrera et al. 2003) . A reasonable surrogate for measuring SCE is the appearance of a DNA-repair focus that arises spontaneously during S phase (Lisby et al. 2001 (Lisby et al. , 2003 . We reasoned that if SCE were repressed, we might see suppression of DNA recombination foci in dividing spores and the mother cells derived from them. However, Rad52 foci do appear in these cells, indicating that recombination is not completely inactive (P. Thorpe et al., unpubl.) . Together, these data argue against an immortal strand in postmeiotic yeast. However, kineotchore-driven asymmetry could selectively segregate centromeres and their closely linked sequences in the single postmeiotic lineage.
SELECTIVE CENTROMERE SEGREGATION
The selective segregation of centromere sequences could have an important role in speciation. For example, in metazoan diploids where the two parental species are diverging, each set of centromeres may have different efficiencies of kinetochore binding (Henikoff and Malik 2002) . This difference is due to the coevolution of the centromere sequence together with its kinetochore-binding protein, thereby necessitating cosegregation of these components. During female meiosis, only one of the four products forms a gamete, and the other three polar bodies are lost. Hence, there is an opportunity to select for the cosegregation of one parental set of centromeres and its kinetochore-binding protein, a process akin to meiotic drive (Sandler and Novitski 1957; Henikoff et al. 2001; Pardo-Manuel de Villena and Sapienza 2001; Copenhaver 2004) . Surprisingly, it appears that yeast centromeres are also evolving rapidly despite the absence of meiotic drive, because all four meiotic products are viable in yeast (Bensasson et al. 2008) . Thus, the kinetochore asymmetry described here may enable a single lineage derived from a spore to select for "preferred" centromere sequences with a high affinity for their kinetochore-binding proteins. This in turn may explain the divergence of yeast centromere sequences. Therefore, it is possible that the kinetochore asymmetry described here is involved in promoting evolutionary divergence. Yeast provides one of the few organisms in which such a model could be tested practically.
CONCLUSIONS AND PERSPECTIVES
Yeast is a powerful model system due in part to a large array of experimental techniques and has consequently been used to characterize many basic cell biological pathways, such as those involved in cell cycle control and genetic recombination. We have characterized a lineage-specific pattern of asymmetry that mimics that seen in adult stem cells. This type of asymmetric division is now amenable to study in yeast. A first step toward further study of this phenomenon will be a highthroughput microscopy screen to identify the genes that are required for this postmeiotic asymmetric pattern. This set of genes is likely to include those that control the lineage-specific asymmetric segregation pattern of the yeast kinetochore. We predict that these will be conserved and will be key regulators of the pattern of asymmetric division that occurs during development and in adult stem cells. 
